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SHEAR WAVE MEASUREMENTS IN SIIOCK-INDUCED, HIGH-PRESSURLE PHASES.*

J. B. Aidun
Los Alamos National Laboratory
Los Alamos, New Mexico, USA 87545

Structural phase transformations under shock loading are of considerable interest for understanding the
response of solids under nonhydrostatic stresses and at high strain-rates. Examining shock-induced
transformations from continuum level measurements is fundamentally constrained by the inability to
dgirectly identify microscopic processes, and also by the limited number of material properties that can be
directly mensured. ‘The lauer limitation can be reduced by measuring both shear and compression waves
using Lagrangian gauges in combined, compression and shear loading. ‘The shear wave serves as an
important, real-time probe of the shocked state and unloading response.  Using results from a recent study
of CaCQy, the unique information obtained from the shear wave speed and the detailed structure of the
shear wave arc shown 0 be useful for distinguishing the effects of phase transformations from yiclding,
as well as in charac ierizing the high-pressure phases and the yielding process under shock loading.

INTRODUCTION

Understanding how nonhydrostatic siresses
and high strain-rates can produce observed in-
creases in structurnl phase transformation kinetics
under shock loading is of fundamental, as well as
preectical, interest. Continnum level investigations
of wnock-induced trinsformations suffer from the
inability to identify microscopic processes directly.
Nonetlicless, the full notentind of continuum mea-
surenients has not been achieved because only lon-
gitudinal stress and particle velocity can be mea-
sured reliably, which leaves the deviatoric and
mean stresses undetermined.

Mecasuring both shear and compression waves
using embedded particle velocity gauges in com-
binced, compression and shear loading plate impact
CexXperiments augments continuum measurements
with new infoamation that is directly related o
both the shear properties and mean stress of the
shocked materinl. 1o "Phie shear wave is a useful
probe of the shear properties of the compressed
state produced by the faster traveling compression
wive, It is not of practical use for mapping the
yield sutface by vanying the shear and compiession
witve amplitudes in suecessive experiments: ‘e
shear suess camned i the compression wave s -
SO% preater than that in the shear wave Gassuming,
a manapeably Enpe melinition of O - 207 and Pois
son ratio ol 0.4%), Fora von Mises yield, this corn
tespeands o the longatudinal stiess at yield being

only 12% less than for uniaxial strain alone (0=0").
The efficacy of measuring both shear and
compression waves for studying phase-transform-
ing materials has been demonstrated recently in an
investigation of polycrystalline CaCQj, where it
hus been valuable for distinguishing effects of
phase transformations from yielding and for char-
acterizing both the high-pressure phases and the
yielding process. b4 Analogous results have been
obtained or should be obtainable in non-phase-
transforming malcerials. In contrast 10 previous
results, 112 in the phase-transforming material mean
stress could not be directly computed from the
expetimentally-determined bulk modulus values.4

EXPERIMENTAL METHOD

In-material, clectromagnetic gaupes il selected
depthis meas: ¢ transverse aml longitudinal particle
velocity histories associated with the propagation
of large amplitude, one-dimensional compression
and shear waves. These waves are generated by
parallel impact of two plates that are cqually
inclined to their direction of appronch, The mag,
netic licld and gouge otientations ae chosen so
that, under ideal conditions, the gaupes respond to
cither longitudinal or tansverse motion,®

Two experiments are necded at each inpact
velocity due mainly to the impracticality of placing,
more than four paupes in o sample® In the fust,
we simmltancously measie the wongitudinal and
tansverse motions with two panpes set af the same



depth hrom the impact Gace. This measurement is
impotiant for coneliating the shear and compres-
sion wave anrivals precisely when the itter has ¢
complex stuctare due to yiclding or stinctural
phase twansfommations.®  In the duplicate experi-
menl, we measute the longitudinal histories, only,
at thiee depths to permit caleulation of longitudinal
stress and strain Tields.

RESULTS

These measurements provide the following
information at each impact velocity: Shock wave
speed; shear and longitudinal wave speeds at the
peek compression: longitudinal stress longitudinal
strivin paths; shear stress shear strin paths. The
shear and bulk moduli ate obtained trom the wave
specds and density. Measwiements at a series ol
impact velocities provide the density variation of
the maduli in the shocked state.

A scries ol compression shear experiments on
Carcarn miuble samples at peak levels from 0.5
G oo 6.3 GPa longitadinal stress demonstrate the
postibility and value of measuring both sicar and
Jongitudinal waves in phase tansforming materi -
als. W Meclamical yielding and two phase trans-
formations ocenrred within this range. These pro-
cesses preverted neither shear wave propagition
nor the paticle velocity measurements. Details ol
the response of CaCO vare wpotted in | 3] and |4].
Here we tocas on two compinisons ialforded by the
shear wave measuienients that help preatly in
distinguishing, phase transtormations from yiclding
and in chaactenizing the lapgh pressure phases and
vichding process.

In Fyrwe 1 othe bulh modulus villues in the
shoched manble e plotted versus peak density
compression. CThe open squares e estimiles
based on the measted elease wave speedt Be
vanse the ebashie modube as functions of densiny
(ot stress) repeesent the same physical quantities
nddes shock and hvdiostatie loading, the bulk
modulus values pemit a more diserignmating com
patiso ol el wesponse ader these Toadmy
conditions i do wave speeds, The solud line
tepresents the sentopie Ty ol values de
wrmimned trome glirasome wave speed measune
ments e Cube 15 hiesone 7 Phe two wers o
broken hines pive te cothernad bulk modulos val
ues detammed frome vdiostatie: compeon
cnves o sangde covatal calone i [ R eckisdvesd y sl

[9] tshort dash). Values from a linite steain fit o
the latter hydiostat e shown by the bold dashed
line. A “The stability tickls of the thiee phases ob.
served under room temperstuie hydrostatic com-
pression are indicated by the horizontal arrows,

The bulk modulus in the shocked marble
shows the expected decrease due 1o changes in
clastic propertics ncross the transformation to
CaCOy(11) and a subsequent increase that is
comparable 10 that observed under hydrostatic
loading up 1o the start of the CaC'OaII) stability
ficld. At 11% compression, the shocked minble
bulk modulus lics Tar below the value determined
fiom the hydiostat.!

Because the bulk maodulus is rather insensitive
to deformation or yiclding, this discrepancy sug-
gests the onset of a transtormation 1o a phase other
than CaC'O D that has a substantially lower bulk
modulus, The bulk modulus of compressed arag-
onite is not known, vut it is the likely candidate for
this new phase. ‘This is supported by the caleite
Hupgoniot crossing the CaCO(HD sepment of the
hydrostat by 14% compression and merging with
the aragonite Huponiot,

In previous compression shem studies!2 the
mean stress in the shocked stale was caleulited
from the density integral of the bulk modulus.
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Mecan stress values are needed for separating devia-
toric stress and strain-rate elfects on materials re-
sponse. Without them the useflulness of continuum
shock wave measurcments is curtailed substan-
tially. Integrating the bulk modulus values shown
in Figuie 1 leads (o unphysical negative stress
deviators in the mixed-phase region. In phase-
transforming materials the mean stress cannot be
directly computed in this manner apparently
because the experimentally-determined bulk mod-
ulus values in the mixed-phase region are frozen
phise-composition values and so are not equal to
the logarithmic density derivative of the Hugoniot
mean stress,

The difficulty in calculating the Hugoniol
mean stress can be understiood by considering the
schematics shown i Figure 2. In Figure 2a, the
dashed curve is an idealized compression curve for
a single crystal that undergoes a first-order phase
transformation. ‘Ile Hugoniot mean stress for a
polycrystal of this same material is represented by
the solid curve. Figure 2b shows the correspond-
ing bulk modulus-density relations. ‘The single
crystal modulus is taken to decrease across the
transformation, as is observed for calcite. ‘e
solid curve gives the relaxed polycrystal bulk
modulus, Kijx. The relaxed and frozen modulus,
Ktrz, values at 3% compression are indicated by
the dot and open cirele, respectively: frozen
madulus values are always intermediate between
the pure component values.

The flugoniot mean stress can be oblained by
integrating the bulk modulus provided the latter
corresponds to the slope of the mean stress-density
curve. In the mixed phase region Ky ix is systemat-
icilly lower than Ky, because it includes the con-
tribution ftom the volume change of the trans-
totmed haction of the simple. The speed of the,
ideally, infinitesimal amplitude leading edpe of the
telease wave is used 1o determine the bulk modu-
lus. As no chanpe in phase composition oceurs in
the Teading edpe, the measured wave specds are
frozen pliase composition values,  Consequently,
inteprating the experimentally detemmined bulk
madulus density seliation overestimates the mean
stress and can lead o apparent stiain soltening or
cVen nepaative stiess deviatons,

The sheiwr wave amplitudes can provide intor
nuthion abowt nutenal stength that cannot e
ubtamed from the wave speeds or the compression
wave sunphtudes, Do phase tsmslopming, nuterils
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Figure 2. Schematic of responses governed by
frozen and relaxed bulk moduli.

this additional information can be important Yor
distinguishing the effects of yiclding from phase
tansformations.  However, numerical simulations
of the wave propagation using assumed matenal
models are needed o analyze shear wave ampli
tudes. 1 Nonctheless, it is aeadily appatent that,
becanse shear wave amplitudes are related (o
material strength, the ability of the marble to
suppott tinite amplitude sheir waves inaicaies that
it retain sigaificant steenpth ap o 6.3 Gitad
Giupta's simulations illustate the appuoach for
amalyzing shear wave amplitudes, e demon
strates that the shear wave is sensitive (o the yichl



process during longitudinal unloading.10.11
Hence. combined with numerical simulations, the
shear wave history during longitudinal unloading
can be uscd 1o detect yielding and characlerize
portions of the yield surlace.

Qualitative aspects of the marble strength re-
sponse were inferred by comparing the results of
Gupta's simulations for granite with the shear wave
particle velocity historics in Carrara marble: 11 ‘The
marble yiclds due 1o passage of the compression
wave, dlone, at a longitudinal stress of 1SS Gla or
less; the marble exhibits yield behavior that
resembles a pressure-dependent response,

CONCLUSIONS

The investigation of Carrara marble demon-
strates that shear waves can be measured in a mate-
rial undergoing shock-induced phase transforma-
tions and that these measurements provide addi-
tional information not obtainable from uniaxial
strain, plate impact experiments. ‘The shear and
longitudinal wave speeds, together with calculated
peak densities, 12 provide shear and bulk moduli
values of the high-pressuie phases.  In mixed-
phase regions the moduli so determined are frozen
phase-compaosition quantities.

The Hugoniot mean stress cannot be directly
computed from these buik modulus values. There
is currently no proven method for determining the
Hugoniot mean stess in anarbitrary solid, Lateral
stress pauge measurements might eventually pro-
vide this crucial capability (in this regard see M. K.
W. Waong in these Proceedings). Nouetheless, the
bulk modulus data provide strong additional con-
straints on material models.

Shear wave amplitudes can be uselul tor char-
aclerizing inclastic 1esponse, but they do not per-
mit simple detemmination of the yield smiace,

Together the shear and compression wave
measurcments more  fully characterized the
shocked state, but they were insuflicient for
amswering many specilic questions about the
dynmamic response of caleite 1ocks, even on the
continmim levelt 1t was benelicial 1o the
investipation that the first plase transtonmation
wits sapid, casily idenutiable, and occuned within
i stress ranpe that was casy o study,

*Thas work wis perfopmed at Washington State
Unnversity i collaborion with Y. M. Gupla,
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